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The matrix permeability of shale reservoirs is extremely low. Therefore, massive volume fracturing is needed to form a complex
crack network and get adequate sufficient capacity during the well completion. After fracturing, the effective stimulated reservoir
volume (ESRV) is vital for developing shale reservoirs, mainly determined by stimulated reservoir volume (SRV) and the
increase in permeability. Microseismic monitoring is widely used in the field to describe the crack shape and determine the SRV,
to evaluate the stimulation effect. However, no studies have been conducted on the relationship between microseismic
parameters and permeability. Thereby, we conducted uniaxial compression tests on Longmaxi shale samples and measured their
changes in porosity and permeability before and after loading combining the microseismic monitoring under a laboratory scale
(acoustic emission (AE)). Results show that porosity has little influence on the permeability before and after loading, while the
propagation and connection of cracks are the most critical factors. As the loading stress increases, the crack volume and sample
connectivity both grow. Besides, for the Longmaxi shale, when the stress is loaded to 30~50% of uniaxial compressive strength
(UCS), the cracks start to propagate steadily (dilation), the permeability begins to increase rapidly, and percolation occurs,
which indicates that the dilation point is closely related to the percolation threshold. The AE rate and accumulative ringing
number both increase when it is larger than the percolation threshold value. The variation of AE characteristics can be used to
identify the percolation threshold. Finally, the graphic model including AE parameters, crack, and permeability evolution is
established based on the experimental results, which could help us understand the relationship between microseismic
parameters and permeability and provide a methodological basis for the ESRV evaluation in the field.

1. Introduction

As a typical unconventional gas resource, shale gas reservoirs
have extremely low porosity and permeability [1–3]. Large-
scale hydraulic fracturing is required during the development
to form a complex crack network and achieve efficient exploi-
tation of shale gas [4–6]. Microseismic monitoring based on
seismological theory is an effective method to describe the
hydraulic crack formation, which is applied in the field to
evaluate the characteristics of the fracturing network and
SRV size [7–9]. Regions with signals around the cracks are
treated as SRV in microseismic monitoring, yet not all cracks
within the SRV have percolation capacity [10]. Therefore,

ESRV would be overestimated. Numerous field data and
studies have shown that SRV is not the only factor that affects
the stimulation; crack density and conductivity are also crit-
ical [11–13]. Hydraulic fracturing requires a specific stimu-
lated volume and crack density to form the effective
connections between natural cracks and bedding, cracks,
and micro-nanopores with oil and gas storage, to increase
reservoir permeability and achieve the ESRV.

During hydraulic fracturing, microcracks are generated
in the reservoir matrix in addition to artificial cracks.
According to the percolation theory, when microcracks reach
the critical size, the reservoir changes from impermeable to
permeable, which is called percolation, and the critical value
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is the percolation threshold [14, 15]. After that, the perme-
ability increases rapidly. Hence, understanding the crack
evolution, identifying the percolation threshold, and estab-
lishing the relationship between microseismic characteristics
and percolation threshold are essential to the fracturing
evaluation.

Previous studies have been conducted on the crack geom-
etry and density based on seismic data [12, 16, 17], but the
relationship between microseismic crack and permeability
has not been established due to the untestable permeability
in the field. AE monitoring is microseismic monitoring on
the laboratory scale, which is widely used to study the failure
process of rocks and hydraulic fracturing in the laboratory
[18–23].

Extensive experiments have been conducted to study the
AE characteristics, crack, and permeability propagation of
shale. There are mainly three types of researches. The first
type is to study the crack evolution and failure mechanism
under different loading patterns based on AE. The brittle fail-
ure of shale occurs during loading progress [24], and the bed-
ding planes of shale have a significant effect on its mechanical
behavior [25]. Tensile cracks along with the bedding domi-
nate the failure of shale with the axis parallel to the bedding.
The shale with the axis vertical to the bedding fails with com-
plex fracture as it is affected by both shear and tensile cracks
[19, 26]. The AE activities may be the response of the micro-
structural changes caused by the closure and development of
pores and cracks at elevated stress [27]. The crack initiation
occurred at approximately 30% of the UCS [24]. For shale
with fluid, the failure is dominated by shear crack by analyz-
ing the b-value of AE [28, 29]. The second type is to study the
permeability variation with stress. Shale permeability
increases under uniaxial stress damage, and the permeability
variation is similar to that of stress damage [30]. In true triax-
ial stress conditions, the permeability decreases with the
increase in principal stress. Still, the permeability variations
caused by changing each principal stress are different. The
permeability exhibits obvious bedding dependence, and the
maximum decrease in permeability with increasing stress
occurs in the direction vertical to the bedding [31–33]. The
third type involves AE characteristics, cracks, and permeabil-
ity evolution. Zhu et al. studied the influence of natural
cracks on permeability and mechanical properties by AE
energy. The orientation of natural fractures is closely related
to permeability, AE events, and volume-strain value [34].
Based on percolation theory and AE data, Sakhaee-Pour
and Agrawal established the model to predict the permeabil-
ity evolution. A connected fracture is formed when the num-
ber of AE events per unit volume is larger than the threshold
value. And the permeability remains close to the matrix when
the number of AE events per unit volume is smaller than the
threshold value [35].

Although plenty of researches have been conducted on
shale mechanics, crack propagation, permeability, and AE
activities, there is still a lack of comprehensive study on all
the above parameters. In this paper, a series of experiments
were carried out on shale to study the mechanical properties,
AE characteristics, porosity, and permeability. Based on
experimental data, the relationship between crack propaga-

tion, permeability, AE characteristics, and stress is obtained
and the percolation threshold is identified. Furthermore,
the connectivity of cracks acquired from the AE location is
discussed to reveal the evolution mechanism of permeability.
These results can provide a theoretical basis for ESRV esti-
mation, thereby guiding the effective development of uncon-
ventional reservoirs.

2. Experimental Method

2.1. Sample Preparation. In this study, samples were taken
from the marine sedimentary shale outcrop of the Lower
Silurian Longmaxi Formation in Chongqing, SW China, as
shown in Figures 1(a) and 1(b). The Longmaxi shale is bed-
ding developed and rich in clay minerals and organic matter
[36, 37]; see Figure 1(d) for the sample’s mineral composi-
tion. Samples were taken from the same rock to reduce vari-
ability and cored successively in adjacent positions with
coring direction paralleling the bedding direction. According
to the international standard for rock mechanics experiment
[38], six cylindrical shale samples were prepared. Each cylin-
drical sample has a nominal length of 50mm and a diameter
of 25mm, and the sample parallelism was less than ±0.02mm
to meet the loading requirements. See Table 1 for the basic
properties of the samples.

2.2. Experimental Apparatus. The sample porosity and per-
meability were measured in the State Key Laboratory of
Petroleum Resources and Prospecting in the China Univer-
sity of Petroleum (Beijing). A KXD-III helium porosimeter
based on double Boyle’s law was adopted to measure the
porosity. It is an effective method for shale porosity measure-
ment in recent years [39, 40]. Figure 2 shows the illustration
of the porosimeter. The test procedure is shown as follows:
Firstly, the sample and calibration block were put into the
sample cell and then close all valves, and the calibration block
is used to reduce the dead volume of the sample cell. Sec-
ondly, open valve 1 to let gas enter the reference cell, close
valve 1, when the pressure got stable, and record the pressure
p1, volume V1, and temperature T1. Finally, open valve 2 till
the pressure is stable, and record p2, V2, and T2. The calcula-
tion equation is given by

p1 + p0ð ÞV rc + p0 V sc − Vb − Vc +Vp
� �

T1
=

p2 + p0ð Þ V rc +V sc − Vb − Vc +Vp
� �

T2
,

ð1Þ

Vp =
T2 p1 + p0ð ÞV rc + p0 V sc −Vb −Vcð Þð Þ − T1 p2 + p0ð Þ V rc +V sc − Vb − Vcð Þ

T1 p2 + p0ð Þ − T2p0
,

ð2Þ
where p0 is the atmospheric pressure and Arc and V sc repre-
sent the reference cell and sample cell volume, respectively.
V c is the volume of the calibration block. Vb and Vp denote
the bulk volume and porosity volume of the sample, respec-
tively. The sample porosity (ϕ) is given by

ϕ =
Vp
Vb

× 100%: ð3Þ
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As the shale permeability is extremely low, a YRD-CP200
pulse permeameter was adopted in this study. The pulse-
decay method is a simple and accurate way to measure ultra-

low permeability. Its testing principle is shown in Figure 3.
The sample was jacketed into the core holder, and then, close
all valves. Open valve 1, valve 2, and valve 3, and the sample is
saturated with nitrogen; maintain the upstream pressure pu
and downstream pressure pd consistent for a while. Then,
open the microleakage valve, and decrease the downstream
pressure with a small Δp to cause an instantaneous additional
pressure difference between the upstream and downstream
ends. As the fluid flows in the sample, the upstream pressure
pu decays exponentially till a new equilibrium pressure pf is
reached. The permeability k can be obtained through the
measurement of the time it takes the fluid to flow through
the sample and the exponential change in fluid pressure over
time, which is given by

k = αμcg
L
A
Vu: ð4Þ

Beijing

Chongqing

(a) (b)

(c)

Chongqing Fuling district
(coring area)

(d)

36.20%

41.20%

2.70%

4.00%

9.40%

6.50%

Clay
Quartz
Potash feldspar

Plagioclase
Calcite
Dolomite

Figure 1: Experimental materials: (a) geographical location; (b) coring area; (c) samples; (d) mineral composition.

Table 1: Basic physical properties of the samples.

Sample
Length
(mm)

Diameter
(mm)

Mass
(g)

Density
(g/cm3)

p-wave
velocity (m/s)

Shale 1 50.30 24.28 59.20 2.54 3934

Shale 2 50.44 24.34 59.63 2.54 4042

Shale 3 51.20 24.25 59.93 2.53 4130

Shale 4 50.41 24.29 59.36 2.54 4066

Shale 5 50.34 24.22 58.92 2.54 4003

Shale 6 50.86 24.25 59.80 2.54 4058
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The attenuation index α can be obtained from the expo-
nential attenuation of the fluid pressure:

pu − pf = Δp
Vu

Vu +Vd
e−αt , ð5Þ

where Vu and Vd denote the upstream and downstream con-
tainer volume and α is the attenuation index. μ is the nitro-
gen viscosity. cg is the compressibility of nitrogen. L and A
are the length and cross-sectional area of the sample, respec-
tively. During the test, the system automatically records data
once for every 0.002MPa attenuation of upstream pressure,
and the final permeability is obtained by linear regression.

Samples were dried at 65°C for 24 hours before the poros-
ity and permeability testing. The porosity was measured
without confining pressure and under a pore pressure of
0.8MPa and test temperature of 20°C. The permeability was
measured under a confining pressure of 10MPa and pore
pressure of 6MPa, and the test temperature was 20°C.

The mechanics and AE tests were conducted in the Insti-
tute of Geophysics, China Earthquake Administration, with
the MTS-1000 kN loading system and PCI-2 acoustic emis-
sion system, as shown in Figure 4. The maximum loading
of the MTS system is 1000 kN. The PCI-2 AE system from

American Physical Acoustics Company (PAC) can collect
20 characteristic parameters such as AE event, AE energy,
and ringing. The sampling rate is up to 40MHz. Also, there
are eight external parameters, which can introduce the MTS
stress value and the strain value of the strain gauge into the
AE acquisition system to keep the records time-
synchronized. The two systems work simultaneously which
could achieve the synchronous test of AE and mechanical
parameters.

Nanotransducers with the size of Φ8mm × 8mm and
bandwidth of 50~750 kHz were used in this study. Six nano-
transducers coated with coupling agents were placed sym-
metrically on the cylindrical sample to record the AE
event’s parameters and waveform and locate their position
in real time. See Figure 5 for the transducer arrangement.
Stress-controlled uniaxial loading was used in this experi-
ment. Samples were tested under a 2MPa/min rate of stress
loading. And the AE sampling rate was 5MHz, while the
threshold value was 45 dB.

2.3. Experimental Methodology. AE location, mechanical
properties, and permeability of the rock are tested in this
study. Due to the limitation of sample size, the strain gauges
and transducers cannot be arranged in the same sample.

Valve 1 Valve 2

Helium

p

T

Valve 3
Exhaust

gas

Reference
cell Sample

cell

Calibration 
block

Sample

Figure 2: Schematic diagram of the porosimeter.
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Figure 3: Schematic diagram of the pulse permeameter.
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Meanwhile, the existing equipment cannot conduct AE loca-
tion and permeability testing simultaneously. Therefore, the
parallel experiment method is used in this research.

The test procedure consists of the following steps: (1) The
samples were dried at 65°C for 24 h, and then, the basic
parameters such as size, porosity, and permeability were

AE detectorPreamplifier

MTS loading system

Transducer

Sample
Strain 

amplifiers

Strain gauge

Data collector MTS control 
computer

AE win

Signal
synchronization

Displacement & 
pressure signal

(a)

(b)

(c)

Figure 4: Schematic diagram of the test system of AE mechanics: (a) schematic diagram of the MTS-PCI-2 system; (b) PCI-2 AE system; (c)
MTS loading system.

5Geofluids



measured. (2) Shale 6 was loaded under uniaxial stress until
rupture, and then, the uniaxial compressive strength (UCS)
of shale 6 was obtained. (3) To ensure the samples’ integrity,
shales 1-5 were loaded under uniaxial stress to about 15%,
35%, 50%, 70%, and 85% of the UCS of shale 6. Stop loading
before the samples break, and record the stress and AE sig-
nals during the loading. (4) The porosity and permeability
of shales 1-5 were measured. See Table 2 for the sample
parameters that got tested.

3. Results

3.1. Shale Mechanical Properties. The stress-strain curve of
shale 6 is shown in Figure 6, which is a typical brittle failure,
and the maximum axial strain is about 0.4%. Many
researchers have conducted comprehensive studies on the
stress-strain curve [41–44]. According to the rock brittle fail-
ure theory proposed by Brace and Bieniawski, the stress-
strain curve under uniaxial loading can be divided into five
stages. In stage I, the curve is convex downward due to the
closure of initial cracks. The microcracks are gradually com-
pacted, and the strain change gradually slows down as the
stress increases till it reaches the crack closing stress σcc. This
stage could reflect the development of preexisting cracks. In
stage II, the curve is a straight line with a stable slope, reflect-
ing the rock’s linear elastic deformation. Young’s modulus
and Poisson’s ratio are both obtained in this stage. Stage III
begins when the stress reaches the crack initiation stress σci,
and the slope starts to go down while the curve is convex
upward. In this stage, cracks propagate stably, and new
cracks are generated. The radial strain-stress and volumetric
strain-stress curves become nonlinear. Rock dilation happens
in this stage, and σci is the dilation stress. Stage IV is the
accelerated growth stage of cracks. As the stress reaches crack
damage stress σcd, the volumetric strain is no longer reduced
by compression but starts to expand, and the crack density
increases significantly inside the rock. The last stage (stage
V) is the postrupture stage. Shale strength drops instantly
as the failure stress σf (UCS) is reached.

For shale 6, there are no prominent stable propagation
stage and accelerated growth stage, and basically, no resid-
ual strength exists in the postpeak stage. And it is a typical
brittle failure. From the stress-strain curve, the elastic

modulus is 32.87GPa, Poisson’s ratio is 0.17, and the UCS is
122.69MPa.

3.2. AE Characteristics. AE is a kind of transient elastic wave
generated by the rapid release of an internal energy source
inside the material [45]. AE accompanies crack propagation
during the loading progress. A certain voltage is set artifi-
cially as a specific threshold voltage. The wave that exceeds
the threshold voltage will form a rectangular impulse and is
considered a ringing count [46]. The ringing counts could
reflect the total amount and frequency of AE activities. The
ringing counts per unit pressure are defined as the AE rate.
For shales 1-5, the variation law of accumulative ringing
counts and AE rate with stress is shown in Figures 7(a)–
7(e). For shale 1 and shale 2, the loading stress is relatively
low, only a few AE signals are generated, AE activity is weak,
and AE rate is low, while the accumulative ringing counts are
small. The AE characteristics of shale 3, shale 4, and shale 5
during initial loading are consistent with those of shale 1
and shale 2. When the loading stress is between 45 and
60MPa, AE activity begins to increase and AE rate and accu-
mulative ringing counts increase significantly. Statistics show
that the accumulated ringing counts of five samples increase
as the maximum loading stress rises exponentially when the
loading stress exceeds 60MPa (see Figure 7(f)). Besides, the
accumulative AE number of some samples would leap during
the loading process, which indicates the generation of rela-
tively large cracks inside the rocks [45].

A local change of material identified by several probes is
considered an AE event. The spatial distribution of AE events
can reflect the crack propagation inside the samples. The
double-difference algorithm can effectively reduce the AE
location error [47, 48] and can process the experimental data
and obtain the AE event location. The AE event cannot
reflect all cracks’ position but can reflect the general area
[49]. The location results shown in Figure 8 indicate that
the AE event number increases as the loading stress
increases. For shale 1 and shale 2, the AE event number is rel-
atively small due to the lower loading stress and increased
significantly as for shale 3 to shale 5. The ringing counts are
much higher for shale 5, yet due to the bad connection of
some transducers, the sensitivity decreases, which leads to
bad AE location results and less locatable events. The AE
location results of five samples are entirely discrete, which
indicates that the cracks generated inside the rocks are ran-
dom before shale rupture.

3.3. Permeability and Porosity before and after Loading. The
sample porosity and permeability before and after loading
are shown in Table 3. Results indicate that the permeability
increases after loading, while the porosity changes very little.
The permeability and porosity data are correlated, showing
that the correlation is not good (see Figure 9).

The sample porosity and permeability data after loading
are divided by the initial porosity and permeability data to
obtain the dimensionless permeabilitykDand porosityϕD.
The dimensionless permeability of the five samples increases
as the maximum loading stress increases. While the maxi-
mum loading stress is low, the dimensionless permeability

Sample

Transducer

Transducer

Figure 5: Illustration of the transducer arrangement.
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changes very little. While the maximum loading stress is
larger than 40MPa, the dimensionless permeability increases
exponentially and rapidly (see Figure 10). The percolation
threshold of the samples appears between 40 and 60MPa.
The porosity of all the samples remains unchanged before
and after the testing, indicating that the variation of the
whole porosity contributes little to the increase in shale per-
meability before fracturing.

4. Discussions

4.1. Percolation Behavior of Shale during Uniaxial Loading.
The ratio of the minimum to the maximum diameter of

rock pores is called the aspect ratio, according to which
pores can be divided into nearly spherical holes and
narrow-long cracks. The effect of cracks on rock porosity
is small, but it can significantly affect the permeability
[50, 51]. Based on the percolation theory, continuous flow
channels initially exist in the rock, yet there are not
enough connected cracks to form a network. Therefore,
rock permeability is extremely low. As the loading pro-
gresses, the crack number increases gradually. The size of
the connected group inside the formation shows nonlinear
growth. A noticeable permeability jump occurs at the per-
colation threshold, while the formation permeability
increases rapidly.

Table 2: Details of the sample parameters that got tested.

Sample no. Maximum loading stress (MPa)
Sample parameters

Initial porosity and permeability Porosity and permeability after loading AE Stress Strain

Shale 1 20.96 √ √ √ √ ×
Shale 2 42.43 √ √ √ √ ×
Shale 3 61.40 √ √ √ √ ×
Shale 4 86.77 √ √ √ √ ×
Shale 5 100.00 √ √ √ √ ×
Shale 6 122.69 (fractured) √ × × √ √
Note: √ represents that the parameter was tested and × represents that the parameter was not tested.
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Figure 6: The stress-strain curve of shale 6. σa is the axial stress. ε is the strain. σcc is the crack closure stress. σci is the crack initiation stress.
σcd is the crack damage stress. σf is the failure stress. Stage I: initial crack closure. Stage II: linear elastic region. Stage III: stable crack
propagation. Stage IV: unstable crack propagation.
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Figure 7: Continued.
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Figure 7: AE rate and accumulative ringing counts under loading stress.
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The evolution laws of shale mechanics, AE characteris-
tics, porosity, and permeability under uniaxial stress can be
observed from Figures 6–10. As the axial stress is loaded to
40~60MPa, the shale permeability increases significantly to
the percolation threshold, and percolation occurs. The AE
ringing counts and AE rate are very low before the percola-
tion threshold is reached; the stress-strain curve is in the lin-
ear elastic stage. In contrast, the AE ringing counts and AE
rate increase significantly after the percolation threshold is
reached, and the stress-strain curve is nonlinear. The perco-
lation threshold corresponds to the dilation point, and the
porosity changes very little before and after loading. In this
paper, assume that the mechanics of shale 6 represent the
mechanics of all the samples. The Longmaxi shale’s percola-
tion threshold is 30-50% of UCS, which corresponds to the
initial dilation stress σci.

4.2. Percolation Mechanism: Generation and Connection of
Cracks. Based on the rock brittle failure theory, Martin and
Chandler proposed a method to calculate the crack volume
deformation [43]. The volumetric strain of the rock εv is
obtained by

εv =
ΔV
V

= εa + 2εr , ð6Þ

where ΔV is the volume deformation of the rock. V is the

rock volume. εa and εr are the axial and radial strain, respec-
tively. According to the elastic modulus E and Poisson’s ratio
ν calculated from the linear elastic stage in the rock stress-
strain curve, the elastic volumetric strain of the rock εve can
be written by

εve =
1 − 2υ
E

σa: ð7Þ

The crack volumetric strain εvc can be described as

εvc = εv − εve: ð8Þ

We can see the crack evolution during the loading pro-
cess from the crack volumetric strain-axial strain curve, as
shown in Figure 11. σcc and σci are the stresses corresponding
to the initial and end position of the parallel section in the
curve, respectively. Cracks could close quickly under very
small loading stress before σcc. Between σcc and σci, the crack
volume remains the same. And massive cracks are generated
while the loading stress is larger than σci. The dimensionless
permeability is negatively correlated with the crack volumet-
ric strain, as shown in Figure 12. From the figure, σcc is
14MPa while σci is 46MPa, and the percolation threshold
is also around σci. When the axial strain is 14MPa, the initial
crack porosity obtained is 0.010%. The maximum crack
porosity near rupture is 0.049%. Both are far less than the
porosity before and after loading which is 3.64%. The crack
volume accounts for less than 2% of the total pore volume.

Succolarity is one of the essential parameters in fractal
geometry theory. For porous medium, succolarity represents
the fluid flow capacity inside the medium, which can be used
to characterize the connectivity of the porous medium in dif-
ferent directions [52]. In this paper, we created a cube grid in
three-dimensional coordinates, and each AE event represents
a crack. The grids with cracks are connected, while the grids
without cracks are not. By applying virtual fluid pressure in
different directions, the succolarity values in six directions
are obtained by calculating the proportion of the grid num-
ber with fluid flow to the total grid number using the gliding
box counting method. A detailed description of the 3D suc-
colarity calculation method can be found in Xia et al. [53].
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Figure 8: AE location results of the samples.

Table 3: The permeability and porosity before and after loading.

Sample
Before loading After loading

Porosity ϕ
(%)

Permeability k
(m2)

Porosity ϕ
(%)

Permeability k
(m2)

Shale 1 3.56 2:12 × 10−19 3.71 2:22 × 10−19

Shale 2 3.74 2:28 × 10−19 3.70 2:50 × 10−19

Shale 3 4.02 1:67 × 10−18 4.11 2:73 × 10−18

Shale 4 3.34 1:25 × 10−19 3.38 2:94 × 10−19

Shale 5 2.95 1:82 × 10−19 2.99 8:25 × 10−19

Shale 6 3.64 1:12 × 10−19

10 Geofluids



In this paper, coordinates established during the succolarity
calculation are consistent with the AE location coordinates.

The succolarity values of shales 1-4 in six directions
are shown in Figure 13(a). Due to the sample differences,
the correlation between succolarity and maximum loading
stress is not good but shows an overall upward trend, and
the succolarity value increases significantly from shale 3 to
shale 4. In order to eliminate the influence of sample dif-
ferences, shale 4 was analyzed separately. The accumula-
tive AE events of shale 4 and their locations under

different stresses (20, 40, 60, and 86MPa) were analyzed
separately, as shown in Figure 14. Figure 13(b) shows
the succolarity-stress curves of shale 4. The succolarity
values in Y + and Z − directions remain zero, which indi-
cates that there are no cracks in the two directions or the
cracks generated are disconnected. Succolarity improves in
the other four directions as the stress increases and shows
a good correlation. The succolarity improves remarkably
when the stress is between 40 and 60MPa, which means
that the crack connectivity is significantly enhanced in this
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stress interval. It is consistent with the interval where σci
and percolation threshold occur.

The calculation of crack volumetric strain could reflect
the crack generation process under stress, while the crack
connectivity can be obtained through the statistics of sample
succolarity. Combining both, we can obtain the generation
and connection of cracks during the loading, which is also
the main mechanism affecting the percolation threshold.

Figure 12 shows the change of mechanics, AE charac-
teristics (accumulative ringing counts and AE rate),
porosity, and permeability of shale under uniaxial load-
ing. According to the loading stress, the curve can be
divided into three stages. In stage I and stage II, the ini-
tial cracks are closed, the AE ringing counts and AE rate
are low, and the porosity and permeability remain
unchanged. As the stress loaded reaches σci, the
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generation of new cracks leads to a significant increase in
the AE rate and permeability.

Based on the above analysis, we established a graphic
model of cracks, permeability, and AE characteristics and
then discussed the generation mechanisms of the percolation
threshold. The study could help understand the relationship
between AE characteristics, crack propagation, and perme-
ability, thus improving the microseismic monitoring accu-
racy of hydraulic fracturing.

5. Conclusions

In this paper, we studied the AE characteristics (AE rate,
accumulative ringing counts, and AE localization), crack vol-

ume based on stress-strain calculation, crack connectivity
obtained from succolarity, and permeability evolution. The
main conclusions are obtained as follows:

(1) The sample porosity is unchanged before and after
5loading, while the permeability changes signifi-
cantly, and the porosity has little effect on perme-
ability during the loading. Although cracks
account for less than 2% of the pore volume, their
generation and connection are the main control
mechanisms of permeability evolution, which can
be characterized by the crack volume calculated
from stress-strain and succolarity gained by AE
location, respectively
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Figure 13: The succolarity-stress curve: (a) shales 1-4; (b) shale 4 under different stresses.
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(2) The cracks begin to propagate stably at the dilation
point (30-50% of UCS). Meanwhile, the succolarity
and crack volume start to increase rapidly, and the
permeability threshold appears. The sample dilatancy
is the main micromechanism of the percolation
threshold

(3) The AE rate and accumulative ringing counts are rel-
atively low when the loading stress is smaller than the
stress at the percolation threshold but increases sig-
nificantly while the stress is larger than that. There-
fore, AE characteristics can be used to identify the
range of percolation threshold roughly
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